During germination of Bacillus cereus spores, the cortex was lost completely, but with B. polymyxa spores there was no apparent alteration in the cortex structure. On the other hand, the quantities of dipicolinic acid, calcium and mucopeptide, measured as hexosamine, released from germinating B. polymyxa spores were similar to those released from germinating B. cereus
INTRODUCTION
The germination of Bacillus spores is characterized by the loss of phase brightness and heat resistance, and a decrease of 30 % in the dry weight with the solubilization from the spore of dipicolinic acid, calcium and hexosamine-containing mucopeptide (Powell & Strange, 1953; Strange & Powell, 1954) . During outgrowth, the germinated spore goes through stages of swelling and elongation, the developing vegetative bacillus fmally emerging from the discarded outer layers of the spore and going through the first division.
Although there is evidence that the calcium is located in the spore core (Thomas, 1964; Knaysi, 1965) , various authors have claimed that the dipicolinic acid, calcium and mucopeptide of the spore are located in the cortex (Mayall & Robinow, 1957; Vinter, 1965; Warth, Ohye & Murrell, 1963) and that the primary event in germination is a dissolution or alteration in the cortex structure (Kawata, Inoue & Takagi, 1963 ; Mayall & Robinow, 1957) . A lytic enzyme capable of hydrolysing the spore mucopeptide has been described (Strange & Dark, 1957) and extracted from Bacillus cereus (Strange & Dark, 1957; Gould, 1962; Gould & Hitchins, 1965) . Although this lytic enzyme has not been extracted from B. subtilis, B. sphaericus or B. coagulans, there is evidence for its presence in the latter two species. Gould & Hitchins (1965) suggested that a prime event in the germination of all species may be the activation of the lytic enzyme. The outgrowth characteristics of several Bacillus species have been examined (Lamanna, 1940; Gould, 1962) . From this work the generalization can be made that species with large spores, e.g. B. cereus, grow out by dissolving away the coat and cortex layers over a large area of the cell surface, whereas with the species with small spores, e.g. B. subtilis, the outer layers of the spore split open and the vegetative bacillus emerges, leaving behind largely unaltered fragments of the spore integument. Although no evidence has been obtained of an enzyme which lyses the spore coats, the dissolution of the cortex during outgrowth could be explained by the lytic enzyme, acting over the whole cortex in B. cereus but only at a limited number of specific sites in B. subtilis (Gould, 1962) .
Several studies of thin sections of spores in the electron microscope have been made. Chapman & Zworykin (1957) examined germinating and growing Bacillus cereus and showed the gradual dissolution of the spore cortex and coat layers, with fragments of coat still attaching to the vegetative bacilli, even after the first division. Similar results were obtained from the study of B. anthracis (Moberley, Shafa & Gerhardt, 1966) . In their elegant study of B. subtilis, Kawata et al. (1963) described the multi-laminate structure of the coat and the undifferentiated appearance of the core in the mature spore. After germination, the cytoplasm of the core, or future vegetative bacillus, developed the characteristic granular appearance with a nuclear area of low electron density. As growth proceeded, the cortex was dissolved away and the vegetative bacillus developed its cell wall and membrane, and eventually grew out by rupturing the spore coat in the equatorial region. Similar findings have recently been reported by Rousseau, Flkchon & Hermier (1966) . By staining with lanthanum nitrate, Mayall & Robinow (1957) were able to obtain a very clear picture of cortex structure in spores of B. megaterium. During germination the laminated structure loosened and the cortex became spongy. At the same time, the outer layer of the spore coat was thrown off and folded, and the core became granular. During growth the cortex disappeared? the normal cytoplasm, wall and membrane of the vegetative bacillus developed, and the spore coat dissolved away at the polar region to allow the emergence of the vegetative bacillus.
In this study we have examined the characteristic morphological changes during the germination and growth of Bacillus cereus and B. polymyxa spores, and compared these with the losses of dipicolinic acid, calcium and mucopeptide from the spores during germination, and the re-incorporation of the mucopeptide into the wall of the developing vegetative bacillus.
METHODS

Cultures and media.
The two organisms used in this study were laboratory strains of Bacillus cereus and B. polymyxa. Bacillus cereus was the PX strain used by Strange & Dark (1957) for the isolation of the lytic enzyme. These bacteria were grown on the surface of potato glucose agar containing 0.25 % (w/v) glucose, 0-4 % (wlv) yeast extract, 0.4 % (w/v) potato extract and 1.5 % (w/v) agar (PH 7.4). After a large crop of free spores had been produced in 2-5 days at 30°, they were washed off the surface of the agar with ice-cold de-ionized water, washed clean from vegetative forms and agar particles by several centrifugations, heated for 30 min. at 65" and stored at 4" in a suspension containing lo8-loB sporeslml. Before each experiment the spores were heat activated by heating at 65" for 30 min.
The germination medium for Bacillus cereus was 10 ml. spore suspension, 60 ml. 0.1 5 M-phosphate buffer (PH 7-6), 15 ml. of 10 mg. alanine/ml. solution and 15 ml. of 1Omg. inosinelml. solution. The germination medium for B.polymyxa was 10ml. spore suspension, 240 ml. 0.15 M-phosphate buffer (PH 7.6) and 50 ml. of 10 mg. alanine/ml. solution. Incubation was for 1-2 hr at 30", until 95-100% germination had takenplace, as assayed by loss of phase brightness. The extent of germination was verified by colony counts after heating to 65" for 30min. to kill the germinated organisms. Control samples were obtained by making the above dilutions in de-ionized water, rather than in germination media. After germination the organisms were washed twice in icecold de-ionized water and resuspended to 30 d.
Germination and outgrowth were followed by withdrawing samples at intervals from spore suspensions in a full nutrient medium containing 0
3). Seven ml. of spore suspension was added to 42 ml. preheated medium. Incubation was at 37" with shaking, and 7 ml. samples were pipetted into 25 ml. ice-cold de-ionized water, centrifuged, washed in a further 15 ml. and finally resuspended to 3-5 ml. In this medium the germination of Bacillus cereus was so rapid that equivalent dilutions in de-ionized water had to be made in order to get a 'zero time' sample. A portion from each sample after washing was examined under the phase microscope and the stage of germination or outgrowth of the organisms noted. Chemical analysis. Samples of dormant spores and spores germinated in the germination media were assayed in duplicate for dipicolonic acid (5 ml.), calcium (2 ml.) and, as a measure of mucopeptide, hexosamine (1 ml.). Only hexosamine assays were made on samples from full nutrient media. Dipicolinic acid was assayed by the method of Jansen, Lund & Anderson (1958), after autoclaving the organisms at 121" for 15 min. Calcium was assayed by flame photometry after ashing the organisms at 500" for 16 hr and redissolving the residue in 6 ml. 0.02 N-HC1. Hexosamine was assayed by a modification of the method of Boas (1953) . The organisms were hydrolysed for 2 hr at 100" with an equal volume of 12N-HC1; hydrolysis from 1 to 7 hr solubilized the same amounts of hexosamine. A blank containing water and a set of standards were run with each assay. A second blank for each tube was used to which was added 1 ml. CO, (Immers & Vasseur, 1950) ; the reading obtained from this blank, from 2-8 % of the test, was substracted from the test. Provided great care was taken over the neutralization step, and the acetylacetone (redistilled) and p-dimethylaminobenzaldehyde solutions were freshly prepared each day, satisfactory reproducibility of the results was obtainable.
Electron microscopy. For the fixation of samples for electron microscopy two fixatives were used. With dormant and germinated spores of both Bacillus cereus and B. polymyxa the best results were obtained by using 2 % (w/v) KMnO, for 90min. at 22" (Mollenhauer, 1959) . Outgrowing spores of B. cereus were also fixed with 2 % (w/v) KMnO,, but only for 60min. at 22". Outgrowing spores of B. polymyxa were best fixed with gluteraldehyde + OsO, and this fixative was used for these organisms and also for dormant and germinated B. pol'myxa spores, to allow comparison with KMn0,-fixed samples. The pellet of organisms was resuspended in 5 % (w/v) glutaraldehyde in 0.1 M-phosphate buffer (PH 7.3) for 90 min. at 4". The organisms were washed once in cold buffer and then resuspended in 1 % (w/v) OsO, solution for 120 min. at 4". The composition of the OsO, solution was 5 ml. of 0.14 M-veronal acetate buffer (pH 9-0), 7 ml. of 0.1 N-HCl, 0.12 ml. of 2 M-C~CI, and 13 ml. of 2 % (w/v) OsO,. Ten-ml. volumes of fixative solutions were used for lo8-loQ organisms. After fixation the organisms were embedded in Epon 812, wet sectioned on a Porter Blum MT2 microtome, stained with 1 % uranyl acetate for 10 min. and examined in a JEM 6s electron microscope.
RESULTS
The amounts of dipicolinic acid, calcium and hexosamine in the dormant spores of Bacillus cereus and B. polymyxa, are recorded in Table 1 , with the percentages lost on germination in the germination media. The stages of germination and outgrowth reached by the organisms after incubation for fixed times in the full nutrient medium are shown in Tables 2 and 3. After 10 min. Bacillus cereus spores had germinated; with spores of B. p o~m y x d this took 35 min.
Largely because of the higher concentrations of organisms used with the full nutrient medium, a large proportion of the spores remained dormant throughout the period of incubation; i.e. 10-15 % of B. cereus and 30-33 % of B. poi'ymyxa. During outgrowth of B. cereus spores, the phase-dark organisms first swelled slightly and then elongated to 6 times the length of the dormant spore, before finally growing out from as much of the exosporium and spore coats as remained. On the other hand, B. poi'ymyxa spores swelled slightly, and then changed to a crescent shape before early growth was evident from the distortion at the central portion of the outside surface of the crescent. The organisms were considered to have grown out when the virtually complete vegetative bacillus was seen with the spore integument still clearly visible, generally as a figure 3 at one end of the rod. After the first division occurred the organisms were said to be vegetative. The results in Fig. 1 show the hexosamine content of organisms taken from incubations in the nutrient medium. Under these conditions, the loss of hexosamine associated with germination was 30 % for Bacillus cereus and 33 % for B. polymyxa. These values agree favourably with the values of 32 % and 41 %, respectively, for germination in the chemically defined germination media ( Table 1) . From Fig. 1 we can see that the re-incorporation and resynthesis of mucapeptide associated with the cell-wall synthesis of the vegetative form had begun after 10 min. with B. cereus and after 30 min. with B. polymyxa, i.e. immediately after germination was completed. Rode, Lewis & Foster (1962) showed the effectiveness of KMnO, as a fixative for dormant spores; in our hands also this fixative gave satisfactory results with these organisms. In contradiction with these authors, however, the cortex was clearly visible in our KMnO, preparations. Although KMnO, proved the best fixative for: Bacillus cereus throughout germination and outgrowth, the most satisfactory results with B. polmyxa after germination were obtained using glutaraldehyde + OsO,.
Time of incubation (min.)
On P1. 1 and 2, fig. 1-8 , are shown spores of Bacillus cereus taken from samples incubated in nutrient medium. Plate 1 , fig. 1 , shows a spore with the exosporium, three spore coats, cortex, cortical membrane or core wall, core or plasma membrane, and core, all clearly visible. There is evidence of a laminated structure in the exosporium and in the middle spore coat, and a very debite laminated structure in the inner coat.
The outer coat appears much more granular in its structure. Between the inner spore coat and the cortex there is a dark diffuse layer. The core is bounded by a plasma membrane of characteristic unit membrane structure, and the core wall is also present.
The core itself appears as a uniform dense background with areas containing collections of large granules approximately lOOA in diameter. There is no evidence of any nuclear area. Plate 1, fig. 2 and 3 , show spores after 2 and 10 min. incubation in the nutrient medium. Germination occurred very rapidly and was associated with the following changes in structure. The cortex has disappeared entirely and the core swollen to fill the whole volume of the cell inside of the spore coats. The organization of the core has altered to show the granular network of ribosomes characteristic of the vegetative form. In P1. 1, fig. 3 the development has proceeded further and nuclear areas are evident in the cytoplasm; also, the spore coats have drawn away slightly from the core or developing vegetative form. The cytoplasm is bounded solely by the plasma membrane and there is no evidence for the continued existence of the core wall. This separation of the plasma membrane from the spore coats is more evident after 30 min. (PI. 1, fig. 4) . At this stage we can also see the extensive dissolution of the outer and middle spore coats.
Plate 1, fig. 5 and PI. 2, fig. 6 and 7 show outgrowing forms of Bacillus cereus after 40 and 60 min. When the inner spore coat begins to dissolve away, the cell wall and plasma membrane are both present in the outgrowing form. The cortex and middle spore coat are completely absent and, depending on the section, fragments of the inner coat, or inner and outer coats, or both coats plus the exosporium, are seen round one end only of the outgrowing form. Plate 2, fig. 8 shows an example of the integument fragments left behind by the outgrown forms, On P1. 3 and 4, fig. 9 -16 are a similar series of pictures of germinating and outgrowing spores of Bacillus polymyxa. The only differences evident between the B. polymyxa spore (Pl. 3, fig. 9 ) and the B. cereus spore (Pl. 1, fig. 1 ) are in the exosporium and spore coats. Bacilluspolymyxa lacks an exosporium and has a very different coat structure. The smooth outer surface consists of a bimolecular leaflet type structure, beneath which lies an undifferentiated area and then a highly structured layer of at least 6 bimolecular leaflets or laminates. Between this highly structured layer and the cortex there is the dark structureless layer which is also seen in B. cereus spores. The cortex, core wall, plasma membrane and core are the same as those found in B. cereus.
Plate 3, fig. 10 shows that in Bacillus polymyxa the only changes which occur with germination are in the core, which develops the characteristic granular appearance of the cytoplasm of the vegetative form and a nuclear area. This picture was taken from spores germinated in the chemically defined germination medium, but the same changes were noted in spores germinated by 35 min, incubation in the full nutrient medium.
Plates 3 and 4, fig. 11-16 show preparations (fixed with glutaraldehyde + OsO,,) of spores germinated in the germination medium, and of spores growing out after 50, 70 and 90 min. in the nutrient medium. Comparing fig. 11 and 12 with fig. 9 and 10 on P1. 3, we can see that this method of fixation shows less structure in the spore coat and core, but gives a very good picture of the cortex, core wall and plasma membrane. The cortex appears to consist of two layers clearly separated from each other by a dark line. Again the only observable difference after germination is in the core organization. Plate 3, fig. 13 and 14 show organisms at the stage of early outgrowth. The coat and cortex, still apparently largely unaltered, are splitting open at one site in the equatorial region. As this process continues, the core wall develops from a thin dark line to the complete cell wall of the vegetative form in the almost fully outgrown organism in P1.4, fig. 15. Plate 4, fig. 16 shows an outgrown form in which the coat and cortex layers appear to have split open round the entire equator. Even with these fully outgrown forms, some cortical material is still present in the spore integument, although a gradual dissolution of the cortex structure can be seen in the development of germinated to outgrown forms.
DISCUSSION
These series of electron micrographs show the different characteristics of the germination and outgrowth of Bacillus cereus and B. polymyxa spores. The results with B. cereus are in good agreement with the findings of Gould (1962) and Chapman & Zworykin (1957) , and B. polymyxa shows all the established characteristics of smallspored species such as B. subtilis (Gould, 1962) . In particular, there is excellent agreement between our own results and those of Kawata et al. (1963) , and Rousseau et al. (1966) .
The cell wall of the vegetative form of Bacillus polymyxa clearly develops directly from the core wall of the spore, although the situation is not so clear cut with B. cereus where the core wall seems to disappear along with the cortex during germination. In this connexion it is interesting to note there is no evidence of cell-wall synthesis in thin sections of B. cereus until after 40 min. incubation in the nutrient medium, although the hexosamine content of the organisms began to increase again after only 10 min. incubation (Fig. 1). With B. polymyxa, the cell wall of the vegetative form is not evident in thin sections until after 50 min., although the hexosamine content of the organisms began to increase after 30 min.
It has been claimed that the dipicolinic acid, calcium and mucopeptide of the spore are located in the cortex (Mayall & Robinow, 1957; Warth et al. 1963; Vinter, 1965) and that a prime event in germination is a dissolution of the cortex structure (Mayall & Robinow, 1957; Kawata et al. 1963) . Our findings on the loss of these components from germinated spores of both Bacillus cereus and B. pol'myxa (Table 1 ) are in agreement with these hypotheses. However, although the solubilization of the diplicolinic acid, calcium and mucopeptide was associated with the disappearance of the cortex in germinated B. cereus (Pl. 1 , fig. 2) , the same process in B. polymyxa caused no apparent alteration in its cortical structure (Pl. 3, figs. 10 and 12) . With both spores, however, only 30-40 % of the total mucopeptide was solubilized on germination. The 70-60 % which was retained by the organisms seems therefore to have a function quite separate from that of preserving spore dormancy. From our data, this retained mucopeptide must be entirely or very largely in the exosporium of B. cereus, but in the core wall and cortex of B. polymyxa.
Although these data do not allow us to suggest any mechanism whereby the mucopeptide, and dipicolinic acid and calcium, preserve spore dormancy, they do serve to highlight the fact that only a certain proportion of the mucopeptide is directly involved in this dormancy, and to illustrate that, while the changes in chemical structure and biological activity associated with germination are virtually identical in the two species, the morphological changes are quite different.
In studies of germination it has been assumed that the only materials lost from the spore are dipicolinic acid, calcium and mucopeptide. Powell & Strange (1953) showed that Bacillus megaterium spores lost 30 % of their dry weight on germination, and in our studies we have noted weight losses from 30 % to 50 %. On the basis of present data (Murrell & Warth, 1965) hexosamine can be taken to represent approximately 50 % of the weight of the spore mucopeptide. From the data in Table 1 we see that the loss of dipicolinic acid, calcium and mucopeptide during germination of B. cereus amounted to only 16 % of the dry weight of the spore, and of B. polymyxa to 17 %. It would appear therefore that dipicolinic acid, calcium and mucopeptide cannot be the only materials lost from the spore on germination.
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